Lactobacillus plantarum is a flexible and versatile microorganism that inhabits a variety of environmental niches, including the human gastrointestinal (GI) tract. Moreover, this lactic acid bacterium can survive passage through the human or mouse stomach in an active form. To investigate the genetic background of this persistence, resolvase-based in vivo expression technology (R-IVET) was performed in L. plantarum WCFS1 by using the mouse GI tract as a model system. This approach identified 72 L. plantarum genes whose expression was induced during passage through the GI tract as compared to laboratory media. Nine of these genes encode sugar-related functions, including ribose, cellobiose, sucrose, and sorbitol transporter genes. Another nine genes encode functions involved in acquisition and synthesis of amino acids, nucleotides, cofactors, and vitamins, indicating their limited availability in the GI tract. Four genes involved in stress-related functions were identified, reflecting the harsh conditions that L. plantarum encounters in the GI tract. The four extracellular protein encoding genes identified could potentially be involved in interaction with host specific factors. The rest of the genes are part of several functionally unrelated pathways or encode (conserved) hypothetical proteins. Remarkably, a large number of the functions or pathways identified here have previously been identified in pathogens as being important in vivo during infection, strongly suggesting that survival rather than virulence is the explanation for the importance of these genes during host residence.
Traditionally, lactic acid bacteria (LAB) are applied extensively in the production of a wide variety of fermented food and feed products. In addition, certain LAB species, in particular from the genus Lactobacillus, are natural inhabitants of the gastrointestinal (GI) tract and may have probiotic effects in humans and animals (2) . Moreover, LAB have great potential to serve as delivery vehicles of health-promoting or therapeutic compounds to the human GI tract (20, 48) . Among the different species encompassed by this genus, Lactobacillus plantarum is encountered in many environmental niches, including some dairy, meat, and a variety of vegetable fermentations (28) . Because of the long tradition of utilization of L. plantarum in industrial and artisanal fermentations, this microbe is generally regarded as safe. In addition to the occurrence of L. plantarum in our diets, this microbe is frequently encountered as a natural inhabitant of the human GI tract (2) . The complete 3.3-Mbp genome sequence of L. plantarum WCFS1 has been determined (28) . This strain is a single-colony isolate of strain NCIMB8826, which effectively survives passage of the human stomach in an active form, reaches the ileum in high numbers compared to other strains, and is detectable in the colon (51) . Intriguingly, genome sequence comparison revealed that the closest relatives of L. plantarum include Listeria innocua and L. monocytogenes, which also naturally inhabit and persist in the human GI tract (19) . The availability of its genome sequence allows effective investigation of the genes and regulation mechanisms underlying the observed persistence of L. plantarum in the GI tract.
Three main strategies have been developed for the identification of genes that are highly expressed in vivo as compared to expression in laboratory conditions, namely, selective capture of transcribed sequences (SCOTS) (11, 15) , signaturetagged mutagenesis (STM) (for reviews, see references 42 and 53) , and in vivo expression technology (IVET). The original IVET strategy involves a tandem set of promoterless reporter genes that were used to identify promoters that are specifically switched on in Salmonella enterica serovar Typhimurium during infection (37) . Subsequently, IVET variations in analyses utilizing different auxotrophic markers, dual reporters, and antibiotic resistance genes have been used to trap promoters specifically activated during infection of several other pathogens (for reviews, see references 3 and 36). The major drawback of the aforementioned IVET variations is that the experimental setup is designed in such a way that gene activity is required throughout the residence of the bacteria in the host. Hence, genes that are weakly expressed in the laboratory or transiently expressed only in a specific compartment of the host's GI tract slip through the selection procedure without being noticed. The fourth IVET variation circumvents this disadvantage by using the irreversible enzymatic activity of resolvases as reporter gene. Recombination-based IVET (R-IVET) is the only IVET approach that functions as a genetic screen. An antibiotic resistance marker flanked by two resolvase-recognition sites is integrated into the chromosome of the bacterium of interest. Subsequently, a promoterless copy of a resolvase-encoding gene is introduced on a plasmid and used to trap transcriptional activation by monitoring changes in the antibiotic resistance phenotype. Importantly, this approach does not rely on selective pressure during the animal experiments, since promoter activations are irreversibly trapped by the excision of the antibiotic resistance marker and can be identified after recovery of the bacterium under investigation from the host (3, 36) . Although many studies have described the in vivo behavior of pathogens during infection in various animal models, the bacterial factors that allow survival and persistence of foodassociated microorganisms remain largely unknown. Only a single study describes an in vivo approach in L. reuteri, resulting in the identification of three genes that are induced during colonization of Lactobacillus-free mice on an antibiotic-containing diet (52) . Unfortunately, the administration of antibiotics dramatically disturbs the intestinal microflora present in these mice, probably leading to GI tract conditions that differ significantly from those in a conventional mouse. This disadvantage does not apply to R-IVET strategies (3). Here we describe the exploitation of such a R-IVET approach in the food-grade organism L. plantarum WCFS1, leading to the identification of 72 genes of which the expression is induced in this LAB during passage of the GI tract of conventional mice compared to laboratory media. Homologues of many of the genes identified here have previously been identified in pathogenic bacteria by using a variety of SCOTS, STM, and (R-)IVET approaches. In addition, several novel in vivo-induced genes of L. plantarum have been identified that potentially contribute to specific host-microbe interactions.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids that were used in the present study are listed in Table 1 . Escherichia coli strains MC1061 (9) was used as cloning host during construction of pNZ7109 (see below) and was grown aerobically in TY medium (45) . Lactococcus lactis MG1363 (18) was used as a cloning host during construction of pNZ7125, pNZ7126, and the L. plantarum promoter library (see below). Lactococcus lactis was grown without aeration at 30°C in M17 medium (Merck, Darmstadt, Germany), supplemented with 0.5% (wt/vol) glucose (GM17). L. plantarum WCFS1 (28), its rifampin-resistant derivative WCFS1-R (see below), and its loxP-ery-loxP derivative NZ7109 (see below) were grown at 37°C in MRS medium (Difco, Surrey, United Kingdom) without aeration. L. plantarum WCFS1 was subcultured in the presence of increasing concentrations of rifampin (up to 50 g/ml) to obtain a rifampinresistant derivative of this strain that was designated L. plantarum WCFS1-R (Table 1) , which was used for the effective and selective recovery of this bacterium from fecal samples. When appropriate, antibiotics were added to the media as follows: for E. coli, ampicillin (50 g/ml); for Lactococcus lactis, chloramphenicol (5 g/ml); and for L. plantarum, chloramphenicol (5 g/ml), erythromycin (5 or 30 g/ml, for selection after transformation or replica plating, respectively), lincomycin (10 g/ml), and rifampin (50 g/ml).
DNA techniques and sequence analysis. Plasmid DNA was isolated from E. coli on a small scale by using the alkaline lysis method (4, 45) . Large-scale plasmid DNA isolations were performed by using Jetstar columns according to the manufacturer's instructions (Genomed GmbH, Bad Oberhausen, Germany). DNA isolation and transformation in Lactococcus lactis and L. plantarum were performed as described previously (12, 16, 23) . Standard procedures were applied for DNA manipulations in E. coli (45) . Restriction endonucleases, Taq and Pwo polymerase, T4 DNA ligase, and calf intestinal alkaline phosphatase (CIAP) were used following the recommendations of the manufacturer (Promega, Leiden, The Netherlands and Boehringer, Mannheim, Germany). Primers were purchased from Pharmacia Biotech (Roosendaal, The Netherlands). The sequences of the inserts present in the pNZ7125 derivatives (see below), were amplified by PCR with the primers cre-R2 and BglII-cre (Table 1) , followed by high-throughput amplicon purification with Sephadex-G50 and multiscreen HV 96-well plates (Millipore, Amsterdam, The Netherlands). Partial insert sequences were determined with primer cre-R2 or BglII-cre, ca. 100 ng of the purified amplicons and the ABI Prism BigDye terminator cycle sequencing ready reaction kit protocol (Applied Biosystems, Nieuwekerk a/d IJssel, The Netherlands). Sequence reaction products were analyzed by using an ABI Prism 3700 DNA analyzer. The determined insert sequences were assigned to L. plantarum WCFS1 chromosomal loci by using BLAST-N (28) .
Construction of L. plantarum NZ7109. The locus flanked by lp3503 and lp3504 encoding a transport protein and a putative integral membrane protein, respectively, was chosen to integrate a loxP-ery-loxP cassette into the chromosome of L. plantarum (Fig. 1) . First, genomic DNA of L. plantarum WCFS1 was used as a template to amplify 5Ј-truncated fragments of lp3503 and lp3504 with Pwo polymerase and the primer combinations lp3503F and lp3503R or lp3504F and lp3504R, respectively. The amplicons were digested with EcoRIPstI or PstI-HindIII (all restriction sites introduced with the primers) and cloned into similarly digested pUC19 and pUC18 (54) , respectively. The identity and sequences of the fragments cloned were verified by automatic double strand sequence analysis. The resulting plasmids were designated pNZ7106 and pNZ7105, respectively. The pNZ7106 insert, harboring lp3503, was recovered as an EcoRIPstI fragment and subcloned into similarly digested pNZ7105, yielding vector pNZ7107. Two tandem loxP sites were introduced into pUC19 by syntheticoligonucleotide linker insertion. The oligonucleotides flox1 and flox2 were annealed and ligated into HindIII-PstI digested pUC19, yielding pUC19lox1. Subsequently, flox3 and flox4 oligonucleotides were annealed and ligated into SacI-EcoRI-digested pUC19lox1, resulting in pUC19lox2. Initially, and for other research purposes, a tetracycline resistance gene cassette (tetR) obtained as an Ecl136II-SmaI fragment of pGhost8 (35) was cloned into the blunted AccI-SmaIdigested pUC19lox2, yielding pNZ7103. The generated loxP-tetR-loxP cassette was subcloned as a PstI fragment from pNZ7103 into similarly digested pNZ7107, resulting in pNZ7108. Finally, the erythromycin resistance gene cassette was obtained as a BamHI-HindIII fragment from pUC18ery (50) and subcloned into NheI-SwaI-digested pNZ7108, after the filling of all sticky ends with Klenow polymerase. The resulting vector was designated pNZ7109 and harbors a loxPery-loxP cassette flanked by two regions of the L. plantarum WCFS1 genome, allowing homologous recombination via a double-crossover event.
The integration vector pNZ7109 was introduced into L. plantarum WCFS1-R and primary single-cross over integrants were selected on MRS plates containing 5 g of erythromycin/ml plus 10 g of lincomycin/ml. The integration of pNZ7109 in the anticipated chromosomal locus was verified for one of the colonies obtained, which was subsequently subcultured without antibiotic selection pressure to obtain the desired double-crossover loxP-ery-loxP cassette integrant. After ca. 150 generations, candidate double-crossover integrants were identified among individual colonies by PCR with the primer combinations hrec3503-eryF and hrec3504-eryR. Of the 150 colonies analyzed in this way, 2 appeared to contain the desired chromosomal organization, which was further confirmed by Southern blotting. One of the obtained mutants of strain WCFS1-R was designated NZ7109 and harbors a chromosomally located loxP-ery-loxP cassette integrated in the intergenic region present between lp3503 and lp3504.
pNZ7125, pNZ7126, and R-IVET library construction. To implement R-IVET in L. plantarum the low-copy vector pNZ7125 was constructed. First, pNZ7110 (6) was digested with PstI, and the resulting fragment harboring the resolvase encoding gene cre (1) was cloned into the low-copy variant of similarly digested pJIM2246 (44) , resulting in pNZ7124. Genomic DNA of L. lactis MG1363 was used as a template to amplify the terminator of the las operon (33) , with the primers lasF2 and lasR. The resulting 0.35-kb amplicon was digested with BamHI and BglII and cloned into BglII-digested pNZ7124. A plasmid containing the las terminator properly oriented upstream of the cre gene to prevent readthrough transcription was designated pNZ7125.
To confirm the functionality of pNZ7125 as a R-IVET vector in combination with R-IVET strain L. plantarum NZ7109, the promoter region of the ldhL1 gene of L. plantarum WCFS1 was cloned in pNZ7125. To this end, the ldhL1 promoter was amplified by using the primers PldhL-F and PldhL-R and chromosomal DNA as a template. The resulting 0.5-kb amplicon was digested with BglII and cloned into similarly digested pNZ7125. The resulting plasmid that contains the cre gene under control of the ldhL1 promoter obtained was designated pNZ7126.
An L. plantarum WCFS1 chromosomal R-IVET library was constructed in pNZ7125. Chromosomal DNA was partially digested with Sau3AI and size fractionated on 1% agarose gels. Fragments of 1 to 2 kb were purified by using Sephaglas Bandprep (Pharmacia Biotech). These purified fragments were cloned into BglII-digested and calf intestinal alkaline phosphatase-dephosphorylated pNZ7125 (Fig. 1) . Ligation mixtures were transformed to Lactococcus lactis MG1363 (18) , and ca. 50,000 of the obtained colonies were collectively resuspended in GM17. Plasmid DNA was isolated from these cells and introduced into NZ7109. The approximate 37,000 colonies obtained were collectively resuspended in MRS containing 15% glycerol and stored in aliquots at Ϫ80°C.
R-IVET animal experiments.
To counterselect against clones in the R-IVET library that harbor pNZ7125 derivatives containing a promoter element that is 5722 BRON ET AL. J. BACTERIOL.
active under the laboratory conditions applied, the collective library was subcultured for ca. 20 generations in MRS containing 5 g of chloramphenicol/ml, 30 g of erythromycin/ml, and 50 g of rifampin/ml. Subsequent animal experiments were performed in an accredited establishment (no. A59107) according to guidelines N°86/609/CEE of the French government. Seven-week-old female BALB/c mice were purchased from Iffa Credo (St. Germain sur l'Arbresle, France) and had free access to tap water and standard mouse chow during the experiments. After overnight culture, bacterial cells were pelleted by centrifugation and resuspended at 10 10 CFU per ml in MRS. The four mice received a 100
l oral dose of these freshly prepared bacterial suspensions by intragastric administration on 2 consecutive days, and 24 h after the last administration individual fecal samples were collected and resuspended in MRS medium. After extensive homogenization, the complete R-IVET library was recovered from the fecal samples by plating appropriate dilutions of the suspensions on MRS plates containing 5 g of chloramphenicol/ml and 50 g of rifampin/ml. After 72 h full-grown colonies were replica plated onto plates containing 5 g of chloramphenicol/ml and 50 g of rifampin/ml, with or without 30 g of erythromycin/ml.
Another 24 h later, the plates were compared, leading to the identification of cells displaying an erythromycin-sensitive phenotype. The inserts present in the corresponding pNZ7125 derivatives harbored by these resolved clones were amplified by PCR, and from the resulting amplicons the DNA sequence was analyzed.
RESULTS
Implementation and functionality of R-IVET in L. plantarum. Previously, R-IVET was used exclusively for the identification of genes induced in pathogenic microorganisms during infection of host tissues (for reviews, see references 3 and 36). Since it has been reported that the Cre resolvase (1), encoded by the cre gene, could be functionally implemented in the LAB Lactococcus lactis (8) , the suitability of this resolvase for a R-IVET approach in L. plantarum was evaluated. Therefore, an L. plantarum WCFS1 derivative strain harboring a chromosomally located loxP-ery-loxP cassette was constructed and designated NZ7109 (Fig. 1) . The growth rate of NZ7109 did not differ from that observed for wild-type L. plantarum WCFS1 and, after 50 generations of growth without antibiotic selection pressure, replica-plating revealed that all NZ7109 cells were erythromycin resistant. Moreover, PCR analysis revealed that the chromosomal loxP-ery-loxP insertion could be amplified from all colonies (data not shown), indicating that the chromosomal insertion is stable. Both pNZ7125, a low-copy vector encoding a promoterless copy of cre, and a derivative containing the cre gene under control of the L. plantarum WCFS1 ldhL1 promoter (pNZ7126) were introduced in NZ7109 cells and plated on MRS medium with chloramphenicol. Replica plating of the transformants revealed that all NZ7109 colonies harboring pNZ7125 were erythromycin resistant, whereas all NZ7109 colonies harboring pNZ7126 were erythromycin sensitive. In addition, PCR analysis confirmed that the loxP-eryloxP locus could only be amplified from erythromycin-resistant colonies (data not shown). These results establish the functional implementation of the cre-loxP resolution system in L. plantarum WCFS1 and confirm the suitability of pNZ7125 as an R-IVET vector. Construction of an L. plantarum R-IVET library in pNZ7125. A genomic library of L. plantarum WCFS1 was constructed in pNZ7125, by using Lactococcus lactis MG1363 as an intermediate cloning host. Approximately 37,000 colonies were obtained in L. plantarum NZ7109, and the quality of this library was assessed in several ways. The pNZ7125 derivatives of 100 randomly picked colonies were used as a template for insert amplification by PCR, demonstrating that Ͼ95% of the investigated clones contained an insert with an estimated average size of 1.3 kb (data not shown). To assess insert redundancy, all amplicons were digested with Sau3AI, and the resulting fragments were separated by 2% agarose gel electrophoresis. No common restriction profiles were detected, indicating that redundancy in the R-IVET library is low. Moreover, 28 of these amplicons were used for partial sequence analysis, which revealed no apparent over-or underrepresentation of a specific region of the L. plantarum genome. These results support the randomness of the library and genome coverage was calculated to be ca. 98% (data not shown). The R-IVET library was replica plated to plates with or without erythromycin, which indicated that 10% of the R-IVET clones contain a pNZ7125 derivative harboring a properly oriented promoter element that is active under the laboratory conditions applied and drives cre expression at a sufficient level to excise the loxP-eryloxP cassette from the chromosome of NZ7109.
R-IVET screen in mice. To counterselect against clones displaying cre expression under laboratory conditions, the R-IVET library was cultured for 20 generations in the presence of erythromycin. Subsequently, full-grown cultures were used for gastric administration to four BALB/c mice. After recovery from fecal samples 6,000 of the R-IVET clones were analyzed for their erythromycin phenotype by replica plating, revealing 198 (3.3%) clones that displayed an erythromycin-sensitive phenotype. The partial sequence of 132 of the chromosomal
FIG. 1. Basic principles of R-IVET. L. plantarum strain NZ7109 harbors a chromosomally located loxP-ery-loxP cassette and pNZ7125.
Chromosomal loci of the L. plantarum genome (OE) are cloned upstream of cre in pNZ7125 and promoter activities in the resulting library can be trapped by monitoring the erythromycin phenotype, since cre expression will lead to excision of the erythromycin marker from the chromosome by a homologous recombination event between the two loxP sites. The colonies in the library appearing as erythromycin-resistant in the laboratory (no active promoters under laboratory conditions) were administered to mice, and changes in the erythromycin phenotype (promoter activations) were monitored in fecal samples.
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inserts present in the pNZ7125 derivatives originating from these clones was determined and corresponded to 119 unique loci of the L. plantarum genome, since 1 locus was found three times, while 11 loci were found twice. According to the current genome annotation database of L. plantarum WCFS1 (28), these loci harbor 72 unique genes, and their upstream sequences in the proper orientation to explain the observed induction of cre expression (Table 2) . Notably, nine loci contained more than one putative 5Ј end of an annotated open reading frame (ORF) and their potential promoter. Remarkably, two independent Sau3AI clones corresponding to lp0291 and its upstream sequence were found that differ in size (1.0 and 1.5 kb). Hence, the in vivo induction of this gene was independently confirmed twice during the R-IVET procedure. The identified genes appeared to be randomly located within the L. plantarum genome. Moreover, the genes appeared to be randomly distributed among the main functional categories. The ORFs identified in this R-IVET screen were functionally grouped in genes involved in nutrient acquisition and synthesis (18 ORFs), stress response and adaptation (4 ORFs), extracellular proteins (4 ORFs), regulation (3 ORFs), and others (19 ORFs). The remaining 24 genes encoded (conserved) hypothetical proteins of unknown function (Table 2) .
To verify the primary R-IVET results, the 132 partially sequenced clones were divided into four groups of 33 clones that were used for collective plasmid DNA isolation. These mixtures of pNZ7125 derivatives were reintroduced into L. plantarum NZ7109, and the resulting colonies were collectively stored. Replica plating of the transformants revealed that all tested colonies displayed an erythromycin-resistant phenotype, confirming the absence of cre expression in these clones under laboratory conditions. These four groups were separately subjected to a second-round passage through eight mice (two animals per group) using the same procedure applied in the first-round passage, including recovery from fecal samples and analysis of the erythromycin phenotype. This second-round passage revealed a dramatic increase in the percentage of erythromycin-sensitive colonies that was recovered from the fecal samples of all individual mice (Table 3) , which is clearly apparent from the average of 38.1% erythromycin-sensitive clones compared to 3.3% in the experimentally identical firstround passage.
To obtain more detailed insight in the results of this secondround screening procedure, an exemplary group of the recovered colonies was selected. For each of the four groups of clones, both erythromycin-sensitive (64 colonies per group) and erythromycin-resistant (32 colonies per group) clones were randomly picked from the library-recovery plates and subjected to clone identification by partial sequence analysis of the insert present in the pNZ7125 derivative harbored by these clones. This analysis revealed that 84 of the original 132 R-IVET-positive clones were represented within this random sample of second-round recovery clones. Of these 84 clones, 37 were found to only be erythromycin sensitive (44%), whereas 4 were identified exclusively in the erythromycin-resistant group (5%). Notably, the residual 43 clones were found both as erythromycin sensitive and resistant (51%). The latter finding probably reflects the single-cell response selection that is an intrinsic characteristic of an R-IVET screen, which implies that the specific condition leading to promoter activation for a specific R-IVET-library clone is not encountered by each individual cell representing that clone. By analogy, for only 4 of the 84 clones in this second-round analysis the possibility that they represent false-positives obtained in the first round of R-IVET selection could not be excluded. On the other hand, it also cannot be excluded that the in vivo regulation of these clones has remained undetected in this second round due to the relatively small size of the random sample analyzed and that more extensive analyses of the clones recovered in the second round would validate their in vivo induction. The results from this second-round R-IVET analysis have been incorporated in Table 2 for individual genes. Overall, these results both confirm the in vivo induction of the vast majority of the clones and corresponding genes selected in the first round and exclude the possibility that a relatively large proportion of the clones identified represent false positives.
DISCUSSION
Three major strategies have been utilized for the in vivo identification of promoters. The major disadvantages of SCOTS are the instability of bacterial mRNA for the construction of cDNA libraries, the low abundance of mRNA from transiently expressed genes, and the difficulty in isolation of sufficient high-quality mRNA from small populations of bacteria in vivo (36) . Using STM only limited numbers of mutants can be screened per animal model. Moreover, mutants that are slow-growing, nonviable, contain mutations in genes encoding redundant functions or that can be complemented in a mixed population may be underrepresented. The disadvantages mentioned above for SCOTS and STM do not apply to IVET and R-IVET strategies (36) . For reasons mentioned in the introduction, we preferred a R-IVET screening in L. plantarum. To our knowledge, this is the first R-IVET approach in a foodgrade bacterium, which resulted in the identification of 72 genes that are induced in situ in L. plantarum WCFS1 during passage through the mouse GI tract. The identified genes appeared to be randomly distributed over the chromosome. Moreover, genes from many functional classes were identified and grouped into six functional domains ( Table 2) .
Nine of the genes identified by using R-IVET are involved in sugar transport and utilization (Table 2) , including five (components of) phosphotransferase systems (PTS), specific for Nacetylglucosamine, sorbitol, sucrose (twice), and cellobiose, a ribose permease and a ribose kinase, and two di-and polysaccharide hydrolyzing enzymes. A diverse carbohydrate potential has been associated with several gram-positive microbes inhabiting the GI tract, including L. plantarum (28) , Listeria innocua and Listeria monocytogenes (19) , and Bifidobacterium longum (46) . The finding that several of these functions are induced in situ in the GI tract supports their importance for survival and persistence under GI tract conditions. Moreover, genes involved in the metabolism of the same sugars have been identified as being important for pathogenesis in various bacteria (11, 17, 22, 27, 31 ; Lin Tao, unpublished data). Remarkably, the IIC transport component of the cellobiose PTS system found (lp1164) is not located in a typical PTS-operon structure. In Listeria monocytogenes, similar "orphan" cellobiose-PTS-IIC components have been shown to play a role in host-specific signaling, leading to modulation of virulence a Genes with the same superscript number originate from one R-IVET clone. Genes denoted by a superscript "a" were identified twice during the first-round R-IVET screen. After the second-round passage and subsequent sequence analysis, some genes were identified exclusively in the erythromycin sensitive (superscript c) or resistant (superscript e) group. Genes indicated by a superscript "d" were identified in both the erythromycin-resistant and the erythromycin-sensitive groups.
b In the original reference, 13 in vivo-induced loci were identified in Streptococcus gordonii. However, these loci were only partially sequenced, and for six loci this was not sufficient to identify a promoter element. At present, with more detailed sequence analysis and the partially available genome sequence, these loci have been assigned a promoter element (Lin Tao, unpublished data).
gene expression (30) , suggesting host-factor mediated gene regulation in bacteria, possibly including L. plantarum.
Nine genes were identified that are involved in the acquisition and biosynthesis of nonsugar compounds, including amino acids, nucleotides, cofactors, and vitamins (Table 2 ). These results suggest that limiting amounts of these compounds are readily available in the GI tract, leading to activation or derepression of these L. plantarum genes. Accordingly, in vitro studies in different bacteria confirm the induction of several of these metabolic pathways under limiting conditions of the corresponding end products (10, 34, 43) . Moreover, in vivo approaches have demonstrated that genes involved in arginine, biotin, and proline metabolism in Vibrio cholerae (7), E. coli (26) and Helicobacter pylori (25) , respectively, are induced during mouse infection. In one of the closest relatives of L. plantarum, Listeria monocytogenes, proline metabolism is induced under high-osmolarity conditions (47) . Such conditions could potentially be found in the colon and suggest differential colonic expression of lp0017 (Table 2 ). In analogy, other experiments in our laboratory have identified lp3473, encoding an ␣-rhamnosidase, as induced by high osmolarity (unpublished observation), suggesting its colonic induction.
The copper-transporting ATPase identified here (lp3055, Table 2 ) could be involved in copper acquisition. Alternatively, this transporter could act as an exporter, thereby preventing accumulation of copper in the cytoplasm. Arbitrarily, this gene was categorized as a stress-related protein involved in copper detoxification. Three other genes were categorized as stress related, namely, clpC, a multidrug transporter, and a cation efflux protein ( Table 2 ). The fact that three possible exporters were identified suggests that the efficient transport of toxic compounds is important for the GI tract persistence of L. plantarum. Genes important in the transport of metals have been identified in many IVET screens (36) . Moreover, in H. pylori an STM strategy revealed two genes encoding multidrug transporters to be essential for gastric colonization of mice (25) . In several gram-positive microorganisms, clp genes were demonstrated to be involved in stress responses (13) . In Streptococcus mutans the clpC operon is induced at low pH (32) , which could suggest that the expression of this gene might be induced in L. plantarum during passage through the mouse stomach. Moreover, mutations in the ctsR gene, encoding the clpC regulator, in Listeria monocytogenes displayed reduced survival during the initial stages of murine infection in mice (24) .
Four genes encoding extracellular proteins, including two proteins (lp0800 and lp2940) that contain an LPXTG-like motif (LPQTNE) involved in anchoring them to the bacterial cell wall (41) , were identified in the R-IVET screen (Table 2) . lp0141 contains a high number of positive charges that could be involved in the interaction of the encoded protein with the cell wall. No putative binding domains were found in the protein encoded by lp1403, suggesting secretion of this protein.
The bacterial surface is the primary site of interaction with the host, and numerous surface-exposed adhesion factors have been described (29) . Therefore, the surface-anchored proteins identified here might represent factors that mediate interaction with host cells in the GI tract or with components excreted in the GI tract lumen of the host. lp0800 encodes a protein that is extremely rich in serine and threonine. For a serine-rich surface protein encoded by Streptococcus pneumoniae it has been suggested that the serine residues might be glycosylated by glycosyltransferases that are encoded by genes flanking the surface protein encoding gene (49) . These glycosylated serine residues could resemble mucin-like structures that coat the bacterial surface or interact with host cell mucins (49) . Although no glycosyltransferase encoding genes appear to be genetically linked to lp0800, a similar role might be fulfilled in L. plantarum by the lp0800 encoded protein.
Three regulators of different families were found to be induced in vivo ( Table 2 ). The bgl operon in L. plantarum was previously shown to be downregulated in the presence of glucose (38) . Therefore, the BglG transcription antiterminator (lp3514) might be involved in the regulation of the response to the different sugars L. plantarum ferments during passage of the GI tract. Remarkably, among the best homologues of lp3514 in the Listeria monocytogenes genome is the bvrA gene (33% identity), which encodes a BglG-family antiterminator involved in the regulation of virulence gene expression (5) .
Nineteen of the in vivo-induced genes that were identified here are involved in diverse pathways, including DNA and energy metabolism, protein fate and synthesis, and fermentation (Table 2 ). Several genes in these pathways have previously been described as being important for pathogenesis in various bacteria, including the 1,3-propanediol regulator and a shortchain dehydrogenase of Klebsiella pneumonia (39), a bifunctional protein possessing alcohol and acetaldehyde dehydrogenase activity in E. coli K1 (40) , and a DNA polymerase in Streptococcus gordonii (27) . Another interesting observation is the apparent induction of PlnI, a plantaricin immunity protein (14) , suggesting that the production of this bacteriocin is important for L. plantarum in the highly competitive environment in the GI tract.
Finally, 24 hypothetical proteins (16 conserved and 8 unique) apparently play a role during the passage of L. plantarum through the GI tract (Table 2) . Strikingly, the protein encoded by lp2718 is a homologue (32% identity) of the only conserved hypothetical protein that was identified with IVET in L. reuteri (52; Christian Hertel, unpublished data). Although the other putative genes were subjected to extensive analysis by using the available (R-)IVET literature and BLAST searches, no significant homologies could be found between these L. plantarum genes encoding hypothetical proteins and in vivo-induced genes found in other species. One reason for this could be that a large amount of the nucleotide sequence data obtained for the hypothetical genes found in in vivo screens in pathogens is Overall, a striking number of parallels can be drawn between the pathogenic and nonpathogenic in vivo response, strongly suggesting that survival rather than virulence is the explanation for the importance of these genes during host residence. This suggestion is further corroborated by the fact that the gene encoding the peptide methionine sulfoxide reductase has previously been identified by using IVET in the food-associated microbe L. reuteri during passage through the GI tract (52) and IVET in the non-food-associated Streptococcus gordonii during endocarditis (27) . The similarities found for the L. plantarum R-IVET screen presented here are most prominent with in vivo screens that are performed in the same host (mice) with pathogens that infect the same host organ (GI tract), suggesting that organ-and host-specific factors play a key role in the determination of the microbial response. In addition, a number of functions that are induced in vivo in L. plantarum during passage of the mouse GI tract, which (thus far) have not been identified in similar in vivo studies in other bacteria, might contribute to specific interactions between this bacterium and factors encountered in this niche. Moreover, parallels between the in vivo study presented here and in vitro studies performed in the same bacterium (osmolarity induction [see above]) or closely related species (osmolarity induction or low pH [see above]) might hint at a spatial differentiation of L. plantarum gene expression during passage of the mouse GI tract, i.e., specific induction in the stomach, small intestine, or colon. The recent observation in our laboratory that the expression of lp0237 and lp0775 is induced by bile, suggesting in vivo induction in the duodenum, is interesting in this respect since this is the site of bile release by the host. In conclusion, the R-IVET screen performed in L. plantarum is an important step in understanding the behavior of this food-associated microbe related to stress, persistence, and host-microbe and microbemicrobe interactions in the complex GI tract environment.
